reacts with basalt at about 270 -285 C, the magnesium in the water decreases from 1,272 mg/kg to 1.0 mg/kg (Arnorsson, 1978) . In the highly saline CaCl -rich brine from the 11D2 Salton Sea drill hole (White, 1968) , 54 mg/kg Mg accounts for less than 0.1 equivalent percent of the total cations. In laboratory experiments in which chlorite, calcite, and quartz were equilibrated with water under carbon dioxide pressures of 5 and 65 atm, Ellis (1971) found dissolved magnesium concentrations ranging from about 0.5 to 1 ppm at 200° c and 0.02 to 0.05 ppm at 300° C. The above observations and the fact that many apparently low-temperature, Mg-rich waters yield Na-K-Ca estimated temperatures (Fournier and Truesdell, 1973) well above 150 C cast considerable doubt on the usefulness of the Na-K-Ca geothermometer for Mg-rich waters. One example is ocean water (^4°) with an Na-K-Ca temperature of 173°C. This anomalously high estimated temperature for ocean water might be explained in various ways: (1) lack of water-rock equilibrium at 4 C, (2) control of the cation ratios of ocean water by water-rock equilibrium at high temperature as ocean water circulates through hot rock near crustal spreading centers, or (3) water-rock equilibrium at 4 C involving minerals not generally present in the continental systems used to formulate the original Na-K-Ca chemical geothermometer. The last explanation, a different mineral suite reacting with the water, appears to be the most plausible.
Many different Mg-bearing minerals may be involved in the water-rock reactions encountered in various hydrothermal systems.
These include olivine, serpentine, montmorillenite, glauconite, chlorite, vermiculite, biotite, amphibole, pyroxene, dolomite, and Mg-bearing calcite. Furthermore, these minerals commonly occur in various structural states and/or as solid solutions. In order to apply thermodynamics rigorously to test for mineral-water equilibria at various temperatures, it is necessary to know the structural states of the solid phases and the nature of the solid solutions involved in the reactions. This information generally is not available in the early stages of a geochemical exploration program for geothennal energy. Paces (1975) found that for relatively low-temperature waters from felsic rocks Na-K-Ca calculated temperatures commonly were higher than measured temperatures. Based on that data he formulated an empirical correction for the Na-K-Ca geothermometer based on the partial pressure of CO.. Unfortunately, a good estimate of the partial pressure of CO deep in a hot spring system may not be possible from data obtained at the point of water discharge at the surface. Paces (1975) also recommended that the empirical COcorrection be used only for waters attaining a maximum temperature of 75 C. The Paces CO correction and other types of corrections that we have tried based just on CO-do not appear to work well for waters equilibrating above 100 C. For waters equilibrating below 100 C we have found that the Mg-correction, which will be described later in this paper, generally works as well as the correction based on partial pressure of CO .
CATION RATIOS INVOLVING MAGNESIUM
Fifty waters with Mg concentrations ranging from about 1 to 3,920 mg/kg and aquifer temperatures ranging from 3 to 340 C were selected from the literature (table 1) to test the temperature dependence of various cation ratios involving Mg. Figure 1 is a plot of Log (Ca/Mg) relative to the reciprocal of absolute temperature.
There is too much scatter in the data for the Ca/Mg ratio to be used as a reliable cation geothermometer. Plots of the reciprocal of absolute temperature relative to Log ( >/Mg/Na), figure 2, and to Log ( /Mg/K ), figure 3, show less scatter than the Log (Ca/Mg) plot, but still have more scatter than is desirable for establishing a cation geothermometer. Correlation coefficients and equations for the least squares straight lines through the points shown in figures 1, 2, and 3 are given in Table 2 . The logarithmic expressions of the cation ratios, Na/K, /Ca/Na, /Ca/K, /Mg/Na, /Mg/K, and Ca/Mg were plotted in various combinations and proportions (25 plots), as was done in the derivation of the Na-K-Ca chemical geothermometer, without significantly reducing the scatter below that shown in figure   3 . The scatter probably would be greatly diminished if the plotted points could be restricted to data from systems in which the same solid phases were involved in the reactions. Cl Log R -d^Log R) 2 /T -e^log R) 2/T 2 + f^Log R) 3 /T 2 , (1) where At is the temperature in C to be substracted from the mg When using figures 4, 6, and 7 to correct Na-K-Ca calculated temperatures it should be kept in mind that the method is entirely empirical and should not work equally well for all waters. There are problems in calibrating the method: (1) the solid reactants are not specified or characterized structurally; (2) complexing of dissolved species is not considered (no activity coefficients are used because prior knowledge of temperature is required); (3) individual well waters may not have equilibrated at the maximum measured or estimated well temperature (water can enter a well from a higher or lower temperature aquifer); and (4) some well waters may be mixtures of two or more different waters that enter at different depths and do not equilibrate after mixing. Na-K-Ca CALCULATED TEMPERATURE, °C Figure 6 . Graph for estimating the magnesium temperature correction, At, using Na-K-Ca calculated temperatures and R values ranging from 5 to 50. The curves were drawn using equation (1). Move directly up from the calculated Na-K-Ca temperature to the intersection (or interpolated value) of the line having the calculated R value. Move horizontally from the R value intersection and read the Atmg value on the ordinate. No-K-Co CALCULATED TEMPERATURE, °C Figure 7 . Graph for estimating the magnesium temperature correction, At, using Na-K-Ca calculated temperatures and R values ranging from 1.5 to 5. The curves were drawn using equation (2). Move directly up from the calculated Na-K-Ca temperature to the intersection (or interpolated value) of the line having the calculated R value. Move horizontally from the R value intersection and read the Atmg value on the ordinate.
The main intent of this paper is to provide an additional tool to distinguish waters that have equilibrated with rock at high temperatures underground from waters that result from low-temperature reactions at less than 50 to 70 C. As with all chemical geothermometers, the Mg-corrected Na-K-Ca geothermometer is sensitive to near surface water-rock reactions that occur in response to lowering temperatures or changing mineralogy of wall rocks. If a rising water picks up magnesium, application of a magnesium correction to the Na-K-Ca geothermometer probably will lead to a calculated aquifer temperature that is too low. However, high magnesium concentrations do indicate that water-rock reactions have occurred at relatively low temperature. During the low-temperature reactions it is likely that the concentrations of other dissolved constituents also will change. Therefore, chemical geothermometer results in general should be used with great caution when applied to Mg-rich waters.
/ SUGGESTED PROCEDURE 1. Calculate the Na-K-Ca temperature as described by Fournier and Truesdell (1973) . Do not apply a magnesium correction if that calculated temperature is below 70 C.
2. Calculate R, JMg/(Mg + Ca + K)} x 100, using equivalents as the units of concentration.
3. If R is greater than 50 assume that the water comes from a relatively cool underground environment with a temperature about equal to the measured water temperature, irrespective of high calculated Na-K-Ca temperatures.
4. If the calculated Na-K-Ca temperature is greater than 70 C and R is less than 50, use figure 4, 6, or 7 to calculate At , mg the temperature in C that should be subtracted from the Na-K-Ca calculated temperature.
5. When using a computer to calculate At the following tests mg should be included in the program: Fournier and Potter -20
